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A NEW PRINCIPLE OF SOUND FREQUENCY ANALYSIS

By TeEEODORE THEODORSEN

SUMMARY

In connection with a study of aircraft and propeller
notses, the National Advisory Commitiee for Aeronautics
has developed an insirument for sound-frequency analy-
sis which differs fundamentally from previous types, and
which, owing fo its simplicity of principle, consiruciion,
and operation, has proved to be of value in this investiga-
tion. The method is based on the well-known fact that
the ohmic loss in an electrical resistance i3 equal to the
sum of the losses of the harmonic componenis of ¢ com-
plex waze, except for the case in which eny fwe compo-
nents approach or attain vectorial ideniity, in which case
the ohmic logs is increased by a definite amount. This
fact has been utilized for the purpose of freguency analy-
sie by applying the unknown complexr voliege and
known voliage of pure sine form to a common resistance.
By varying the freguency of the latter throughout the range
in guesiion, the individual components of the former will
manifest themselves, both with respect to intensity as well
as frequency, by changes in the temperaiure of the resist-
ance. This principle of frequency analysis has been
presented mathemaiically and @ number of distinet ad-
vaniages relative to previous methods have been pointed
out. Among these is the fact that the frequency discrim-
ination or resolving power is inherenily large and remains
constant for the entire working range. No difficuliies
exist as to distortions of any kind. The jidelity of
operation depends solely on the quality of the associated
vacuum-fube equipment.

An eutomatic recording instrument embodying this
principle 18 described in detail. It employs a beai-
frequency oscillator as @ source of variable frequency. A
large number of experiments hare verified the predicted
superiorily of the method. A number of representative
records are presenied.

INTRODUCTION

Almost all analyzers depend on some modification
of the principle of resonance or selective response.
Since Helmholz, it has been customery to employ a
series of fixed resonators of known frequencies for the
analysis of acoustic waves, the ear being depended on as
a detector. Of a more recent date are anealyzers em-
ploying electrical resonance. A condenser C arranged

In series with an inductance L shows resonance at &
ﬁequency nﬁ%_ ‘/ Z_IC’ By changing the value of L or

C, or both, the desired range of frequencies may be
investigated.

This method has, however, & number of obvious
difficulties. If the self-inductance be kept constant
and it is desired to cover the ordinery voice range be-
tween, say, 20 and 10,000 cycles per second, & change
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in capacity in a ratio I—Oé%ﬁ or 250,000 is required,
which is highly impracticable. It then becomes neces-
sary to vary the inductances also, and thus to employ
a battery of inductances and condensers in connection
with a complicated switching system (Reference 1.)
The condensers in particular are subject to large tem-
perature variations. This fact makes it impossible,
or at least very difficult, to prevent overlapping or
gaps befween the various steps. The operation of
the necessary switching equipment is an undesirable
feature, and, furthermore, the response characteristic
of such & simple electric resonator is inherently poor.
To obtain any satisfaction in this respect s multiple
system of tuning must be resorted to. This direct
method has never proved to be of much practical
value.

Tn order to avoid such difficulties, attempts have

been made to transfer the sound spectrum to a higher
frequency level—that is, to use a so-called modulated
spectrum.

If & current is amplified through a nonlinear ampli~
fier, the output contains & number of new components.
The frequency and intensity of these components bear
8 certain relationship to the originel constants. This
new distorted spectrum offers some possibilities for the
measurement of frequencies indirectly, that is, af
higher or lower levels. The new spectrum, however,
is crowded with a confusion of umdesired frequencies.

The Bell Telephone Laboratories have recently pub-
lished two reports relating to analyzers of this type.
In one of these analyzers, described in a paper by
Moore and Curtis (reference 2), the auxiliary current
is changed in frequency throughout a range extending
from 11,000 to 16,000 cycles, while the receiving unit
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is tuned to 11,000 cycles. In a second analyzer by A.
G. Landeen (reference 3), the auxiliary current has a
frequency around 40,000 and the receiver element is
tuned to about 800 cycles. This instrument is adapted
only to a frequency range in the neighborhood of
40,000 cycles per second. Since the Bell analyzers,
employing the method of heterodyning the current to
be analyzed with the current from a variable frequency
source, are properly representative of such instruments,
we shall devote the following section to & discussion
of this method. We shall then present the theory of the
hot-wire method of frequency analysis, give a descrip-
tion of the instrument, and also discuss the operatmg
characteristics of the new recorder.

THEORETICAL CONSIDERATIONS REGARDING PRE-
YIOUS METHODS FOR THE ANALYSIS OF COMPLEX
CURRENTS

An approximate idea of the energy distribution in
the modulated spectrum may be obtamed from the
following analysis,

Let the distortion be given by the relation

=Ag+ A (V+X)+4; (V+X+ A, V+XP+_(1)

where I is the plate current of a vacuum tube, X and
¥ are voltages impressed on the grid, and Ay, A4;, ete.,
are constants of the circuit., Let X represent some
unknown voltage of any wave form and V a known
voltage. If the unknown voltage X is impressed on
another tube with ifs representative vector turned
180°, the resulting plate current in this tube circuit
equals

L= Aont+ Aim (V=) + Asm (V=X)'+.__(1")

With the two tubes working in a “push-pull” arrange-
ment, the output is proportional to the difference of
these two currents.

This difference equals

= (Ay— Aom) + (A1 — Ain) V+ (A1 + A1) X
+(As—Azn) (VE+X)+2(ds+ Aom) VX +_(2)

This difference current, or, rather, some proportional
quantity, is now usueally fed into a resonant circuit for
detection.

With careful matching of the circuit elements

(Ao=Agn, 41=A4,y, otc.) the expression (2) reduces to

I], ""Ia =2A1.X+ 4[13 ‘,X'l“

This distorted spectrum contains the original fre-
quencies as indicated by the term 24, X.

The next term 44,V X exhibits a spectrum which is
concentrated around the wave length corresponding
to the known current V. I

Let the frequency of the known current be n and let

the frequencies of the complex current X be n;, 1, 7,
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ste. The spectrum of the term 44,V.X may then be
shown to contain the frequencies

n+n;, n+ng, n+n, ete., and also
n—"ny, n—"ng, N—ng, efc.

Let us assume that-the original current represents a
sound with a frequency range extending from 0 to
10,000 cycles per second. If the frequency n be kept
constant, say, equal to 40,000 cycles per second, a dis-
placed spectrum is obtained extending from 40,000 to
50,000, while a reversed issue extends from 40,000
down to 30,000. The situation is shown schematically
in Figure 1.

Theoretically, we might analyze the displaced
spectra B or C instead of the original spectrum A in
Figure 1. Difficulties exist, however, with respect to
the sharpness of the tuning. The internal resistance of
the resonator circuit can not be made sufficiently small
and the frequency discrimination is therefore poor.
It is difficult to detect a small component at say,
n=239,000, if a large component is present at n =4(,000.

A - C = B

: P S T e !

Srite - Thg S g 8§ 8

S 8 8 § 8
Fraure 1.—Original and displaced spectra

An improved method has been devised by Moore
and Curtis (reference 2), in which the known frequency
V'isvaried while the receiving element remains tuned to
a single fixed frequency. This scheme permits the em-
ployment of multiple-tuned circuits for better response.
Moore and Curtis have employed a mechanical reso-
nating element tuned to a frequency of 11,000. The
original paper should be consulted to appreciate the
difficulties inherent in this method.

The main objection to the method of employing a
modulated spectrum for frequency analysis is the fact
that the entire spectrum is crowded by unwanted
frequencies. Equation (2’) represents the ideal condi-
tion only if terms of higher order than the second are
negligible in equations (1) and (1°). A very limited
range of the tube characteristic will satisfy this require
ment. Itis,however, alsonecessary thatd,=Agm,ete.,
which fact is obvious from (2}). Anyone who has
attempted to accomplish this matching will know that
the design of an instrument of practical value on this
basis is out of question.

PRINCIPLES OF THE HOT-WIRE FREQUENCY
INDICATOR

‘We shall describe in the following pages a new type
of instrument based on an entirely different phenome-
non and shall also attempt to give its complete theory.
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A remarkable property of the sine and cosine funec-
tions is that of orthogonality. If A and B are two such
functions, the integral of their product equals zero if
the integral is extended over & certsin range, provided
that A and B are of different order. If A and B are of
the same order the integral is no longer zero, but has
& definite value.

Applied to electrical phenomens, it is known that the
resistance loss of an electric current is very dependent
on the wave form. In particular it is recognized that
several alternating currents may be, transmitted over
the same distribution system independently of each
other as far as the resistance loss is concerned, pro-
vided their frequencies are all different. Let us assume
thet a number of frequencies are present and that one
more current be added. If the new component happens
to coincide vectorially with one of the originsal currents,
an unexpectedly great resistance loss will result. It
occwrred to the author that this&;henomenon could be
employed as & basis for a new instrumental method of
frequency analysis.

We will mention at once the peculiar fact that the
very slowness of the response of a resistance wire,
which usually is an undesirable feature, in the present
case is even of value in cerfain respects. Only fre-
quencies close to zero will appear in the temperature
response, & property which may be compered to that
of & low-pass filter, and the greater the thermal capacity
the greater is the resolving power of the system.

Let two currents I and 7 be supplied simultaneously
from two independent sources to & common resistance
B. Let the current I be of any form whatsoever and

let it be written in the formi'; I, where I, refers to the

instantaneous vslues of the harmonic components.
Let ¢ be a sine current of kmown frequency. The heat
developed af any time in- the resistance depends on
the square of the instantaneous value of the current
passing through i,

d7

W=(I1+I,+I=+ ... HR

Integrated over & certein time ¢, we obtain

H=Rf‘(II=+Iz’+I3’+2 I1 I3+2 I]_ Iz+2 Ig I;‘!"l’
+20 [+2¢ I +2i L+ .. )dg,

where H is expressed in calories or watt hours.

This integral may be simplified. We will not go
into any mathematical detail, but just refer to current
textbooks on trigonometric functions. The products
LI, LI, ete., In the integrand may all be omitied,
since they do not contribute anything to the value of
the integrel. Furthermore, if 4 happens to differ in
frequency from any of the component parts of I, the
products i, il,, ete., are also of no effect in the
integrand.

The amount of heat developed in the resistance is
then simply

H=R f U+ I+ I+ . . . D)L
[

If, however, 4 is identical in frequency and phase
with one of the component parts of the unknown cur-
rent, say the #'% component I, the quantity of heat
developed is increased by

2Rf'fzr.dz.

If the currents ¢+ and I, happen to be opposite in
phase, the heat developed is decreased by

2Rf‘u.dt.
0

By adopting the symbols ¢ and I, as representing
the effective velues of the currents andzassuming the
currents to be in phase &t {=0, we may write

AH=4 RiI,.j:sin wp £ Sin wy f At
or also
AH=2 Bil, j_: lcos (wy—ws) E—cos (wn+wn) 1] dL.

If this integral is extended over a sufficiently long
time the average value of the integrand approsches
zero. We are primarily interested in the particular
case in which the two frequencies are nearly alike. The
resistance wire will then exhibit a rather slow periodic
temperature variation. The maximum quantity of
“excess” heat developed at one time is obtained by
extending the last infegral from the time when

(wr—wg) i= ——% to the time when (w;—wg) = +%; that

18, over the positive half period of the first term

cos (w;—cwy) T of the integrand. The second term

cos (w; + wg) § contributes nothing and may be omitted.
The maximum value of AH is then equal to

9Ril, f B s ptdi=
pim-

- +f
mif{i‘ﬂi] ! 2ilR2
P s »

where 9 is equal to o —e.
By introducing T=g where T equals the half period,
we obtain further
AH=2LB2T.
This value is equal to 12‘—_ times the “excess’ heat de-

veloped during the same time if both currents were
exactly in phase.
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Figure 2 indicates the effect. In (2A) both currents

sre in phase; in (2B) they are exactly out of phase."

The former condition causes & permanent increase in
the temperature of the resistance, the latter a de-
crease. In (2C) there exists g difference between the
two imposed frequencies. The result is that the tem-
perature of the resistance increases when the two cur-
rents are in phase and decreases when they are out of
phase. In other words, the temperature shows & peri-

odic change with a frequency equal to. -2% vibrations

per second.

This fact is of practical value. " A resistance responds
easily to ‘‘slow’” changes, while the higher frequencies
do not have any measurable effect. The actual re-
sponse characteristic will be worked out in the follow-
ing.

It is convenient to employ vacuum resistances of
small thermal capacity. The filament of & vacuum
tube is partacularly suitable for our purpose. The rate

HMlustration of ‘beat effect: P
currents In and i differ in frequency -

F1GURE 2.—Heating effects of the product Id

of energy supplied at temperature equilibrium is equal
to E,=aAT* where « is the radiation constant, A the
surface area of the resistance, and 7 the absolute
temperature.

The assumption that all the heat is dissipated as
radiation is nearly correct because the heat loss which
is due to convection is negligible; furthermore, the
temperature of the surroundings is small compared
with the filament temperature 7. In this equation
E, may be considered to express the constant (aver-
age) electric input to the vacuum resistance.

We know from the preceding analysis that

E=CI*+MR

where I, and ¢ are the effective values of the currents.

Any instantaneous increase in the electric input will
have fwo effects—it will increase the heat energy
stored in the wire and it will increase the radiation loss.

The rate of “excess” heat developed may be ex-
pressed by & vector. The magnitude of this vector
equals e=2RiJ, and its angular velocity is w,— wy=p.

Assume further that the wire shows an “excess”
temperature of AT
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The excess radiation is consequently
aA(T+ATY~aAT* or

war{r+o(r ) +o(r) +(7) ]

It is seen that AT may be as much as 10 per cent of
the value of T without causing appreciable inaccuracy
by neglecting all but the first order term of é‘g

The excess radiation may then be expressed as
4aATR AT,

The rate of heat absorbed by the wire is simply
Vc'y"a% AT where ¢ is the specific heat of the resistance,

v the density, and V the volume.
We may then write for the instantaneous values

e=4aATAT+ nyc(%AT or with AT=AT, sin pt,
e=4aAT ATy sin pt+ VyeAT, p cos p 1.

F16GRx 3.—Vector diagram represent-
ing therate of “excess” enorgy Input
« a8 the sum of the rate of “excess”
radiation S and the rats of “‘axcess”
keat-gtoring C

The vector diagram in Figure 3 indicates the situ-~ .

ation. The vector e representing the “excess’ cnergy
input is ahead of the vector S representing the radi-
ation. The angle of lag of the temperature is given

by tan )\=g g—%, where C represents the ‘““excess™

heat absorbed by the heatcapacity of the wire.
We obtain from the diagram:

o+ =
or (VyeATw p)?+ (4adA TPAT ) = (2Ri1,)¢
which gives
2RI,

Aln= T TreoV T AT
2RiI,

4aAT‘\/ 1 +(;%’%

Thié.expression can be brought into a more con-
venient form by introducing the relation

i
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cAT*=CZI[2+?)R

2, T 1
A= ST S AT
V1+(zat

or AT, 1 2il, 1 @)
T 4AZLF+? 1 +tann
%

The equation expresses the fact that the percentage
increase in the temperature is equal to one-quarter
times the percentage increase in the energy multiplied
by a certain factor (14 tan? A)~'2, or cos A.

It is beyond our powers to influence the constants

of this relation with the exception of the last-mentioned
factor involving the phase angle ).
The phase angle is defined by

Ve
tan A= AP

7'
Introducing the hydraulic radius r=71: the expression
becomes
tan A= L7, p=i x D,
_yer
where K=_7m%"
The value of tan X is directly proportional to the heat
capacity per unit of volume e, to the hydraulic
radius =, and to the frequency p. It is inversely
proportional to the radiation constant «, and fo the
third power of the absolute temperature 7.

At this point attention is called to the peculiar
condition, mentioned earlier in this report, that the
heat capacity of the wire, usually an undesirable
property, is responsible for the great selectivity
attainable by the hot-wire method. It is seen that
tan A is zero when p=0 and that full ““amplification”
always is obtained in this case. The “width” of the
response depends on «x. It may be of interest to men-
tion the fact that & vacuum resistance a tenth of a
millimeter in diameter is entirely too selective for all
practical purposes.

There is not much choice as to the values of v, ¢,
and a«. It was found that to decrease the constant «
in order to broaden the response sufficiently, it is
desirable to employ a high temperature and to use a
resistance of a hydraulic radius not more than about
one-thousandth of a centimeter.

It may be noted that the constant x in the above
expression for tan A\ corresponds to the time needed
in heating the wire from absolute zero to the tempera-
ture T, assuming that all the energy liberated by the
equilibrium value of the current is absorbed by the
thermal capacity alone.

The initial rate of temperature rise at room tem-

perature (c—ld%') will actually furnish a quantitative

indication of the constant x.
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The energy liberated by the equilibrium value of
the cwrrent is equal to aT* (A=1).
" For the time interval df we may then write

a;p«:.m(ﬂ’
(dT) al*
or ot T
ver  x
where T is the final temperature.
T -
[
i
[
|
I
|
!
I
aGC I
t
I
l
i
0° Abs. } ?———
LS >

FIGUTRE 4.—F{lament temperaturs against tims

In Figure 4 the temperature has been plotted against
time. The time needed to bring the temperature of
the resistance up to near its equilibrium value will not
differ greatly from the magnitude x indicated in the
figure. It is possible to obtain a fair estimate of this
time by means of a stop watch. For the 301-A tube
it is found to be sbout one-quarter of a second. A

direct estimate by means of the formula z=al% yields

approximately the same value.

It was found eonvenient to employ vacuum tubes
to produce the effect. Not only is the filament of
about the proper dimensions, but what is more impor-
tant is the fact that the temperature fluctuations of
the filament will produce corresponding changes in the

flow of the plate current. The currents 27, and 4

are supplied to the filament, and beats occurring
between the variable frequency current 1 and any of
the unknown components [, will manifest themselves
as slow fluctuations in the plate current.

A low impedance milliammeter was selected as the
most suitable indicator of the plate current. It is then
advantageous to employ a step-down transformer as a
coupling unit between tube and indicator.

Let us consider how this transformer affects the
amplification. Thecurrentin the secondary of the trans-
former when working into & pureresistance equals

AV 1
N A A
v 1+(5z)
where AV is the equivalent voltage variation of the
tube caused by the temperature variation AT, of its

(4)
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filament, R is the total resistance of the primary circuit
including the plate resistance of the tube, R, is the
secondary circuit resistance, n equals the turns ratio
(n>1), and L equals the primary self-inductance of
the transformer.

The above relation is correct only for B,=c. The
dependency of A, on p is, however, expressed with
sufficient accuracy near p=0, and the simple form is
retained mainly for the sake of simplicity in the
following discussion.

For small fluctuations of the filament temperature it
is also sufficiently accurate for the present purpose to
assume proportional changes in the plate voltage. The
factor of proportionality depends, of course, on the
temperature level or operating range as shown in

24
/
20 /
. /
E /
8
1.6 : 7
E // 0 volts
% Y T
= L2 /] rﬁ/
5{} /‘ =45 volts
é +4.5 Vo/fls /{
p g 7 ‘5.8
S y 2k %-
A : 7 é %
A2 %
g | '
20 130 140 50 160 70 180

Filoment current millomperes
FIGURE 5,—Plate current of multiplier tubea as a function of filament current for
different values of grid bias
Figure 5. Let us write AV=m AT, in equation (4),
where m is a tube constant, and we get, hy means of
equations (3) and (4), the final result.

AL = - 2mIT 1 1 ir
fonRAR w + %) B\ 1 Uty
n -\/1+<P—L :\/1+(‘pr)
or . —— . .
_ 1. 1 .
AI,—Oo . £)3J1+1 )g’l.[n (5)
QL QW
where
Co= 2mT . .
= ARAGIZT )

This equation expresses the fact-that the output
current A I, is proportional to the product of the un-
known component I, and the known current 7. The
equation shows further thatA I, is a function of p,
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the difference of the frequencies of the two currents.
The relation is of the form

AL=0% (p)il.

The great convenience of an instrument based on this
principle is immediately apparent to anyone familiar
with the great complexity of difficulties encountered in
the problem of sound analysis.

The most obvious advantage is the identical response
et all frequencies. The equation shows that the re-
sponse is dependent solely on the difference of the two
frequencies and not on their absolute values. The
“width” of the response pattern is, for instance, not
greater at n=8,000 than it is at n=80.

The form of the function ® (p) shows further that—
the response js rather critical. This is true whether a
coupling transformer is employed or mot. There is,

0 4 &8 £~
T

5 20 24
00— 7T T

a8 32
T 1 171 T

\-satiolier tubes ]

\ N
i L

\ ) /‘“Tr‘ansformer

,q/ '
\/
A

Ky ¥ -
———] 4
g &0 40 60 a0 (2]
Frequency p, rodions per second

3

3

- 38
|

Amplification in per cent

8

Flaure 6.—Amplification of multiplier tubes and output transformer

however, a marked difference in the appearance of the
two response patterns; in the latter case the function

1
& (p) is of the form ;/LH_ (% KP)? (see fig. 6, curve a)

with the maximum response occurring at p =0, The
sharpness of the response depends on «, and in order to
attain the greatest resolving power of the instrument,
the resistance element should be made heavy. Theo-
retically, there is no limit to the amount of separation
obtainable with such an arrangement.

With & coupling transformer the single response at
p=0 is replaced by a pattern which hes two peaks
close to zero, one being an image of the other with
respect to the zero point.

The response function & (p) is indicated by curve
¢ in Figure 6 and by the records in Figures 16 and 17.
In these figures the response intensity is plotted or
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recorded as ordinates against the frequency as ab-
scissas. The maximum response occurs &t a value of
p equal to a few vibrations per second. By differ-
entiation of ® (p), this value is found to be

1 N
o, (p)= 1 +;TIL? occurring at the frequency p=_\/g.

With x=% second and the resistance-inductance ratio

equal to about 20, the greatest response occurs at
p=18 radians per second, or f==3 vibrations per
second. The maximum response &, (p) equals about
45 per cent.

This apparent loss of response intensity is more
than offset by the gain due to the more correct match-
ing of the measuring device (increase in the value of
G, in equation (5)).

There is, however, another consideration to be taken
into account in this connection. The low-frequency
current A I is most properly indicated by an instru-
ment working on the vibration principle. If the
period is too close to zero, the time required to attain
maximum indication becomes too great for practicel
purposes. It was found most satisfactory to employ
an ordinary commercial milliammeter having & natural
period of about three vibrations per second. The
greatest response of the entire combination wes thus
expected at about this frequency. The distance be-
tween the two peaks of the response pattern, charac-
teristic of this type of response, is actually close to
six vibrations per second. (See figs. 16 and 17.)

DESCRIPTION OF INSTRUMENT FOR SOUND FRE-
QUENCY ANALYSIS

A schemastic diagram of the arrangement is shown
in Figure 7. A commercial type beat-frequency oscil-
lator is employed as a source of variable frequency
current. It is noted that both the amplified sound
current and the oscillator current are fed into & cen-
tral unit termed ‘“‘multiplier,” the wiring diagram of
which is shown in detail in Figure 8. This unit is
the vitel element of the instrument.

The sound is impressed scross the primary of the
transformer Ty. The secondary of this transformer is
connected to the neutral point of the secondary
winding of the beat-frequency-oscillator transformer T;.

The combined output of the secondaries of these
transformers is supplied to the filamenis of the two
audions M; and M;. It is noted that the angle be-
_ tween the two voltages supplied to one of the audions
differs by 180° from the angle between the voltages
supplied to the other tube. In other words, if the
phase angle difference for one tube is « then the phase
angle difference for the other tubes is x4+« The
function of the high resistance potentiometers P, and
P; is to permit & certain adjustment of the character-
istics of the audions by means of their grid volfages.

The totel plate voltage variation of the audions M;
and M, is supplied to the grid of a power tube V con-
stituting a 1-stage amplifier. The output of this tube
is matched to a low impedance milliammeter employed
as & recorder by means of the step-down transformer
Ts-

A close-up of the complete sound recorder is shown
in the photograph, Figure 9.

B-F
I l . SOuD . "
g ML TIOLER asa.um

hoe i

RECORDER

FreGeE 7.—Bchematie dlsgram of sound{requancy analyzer

C is a condenser microphone.

A is the 4-stage microphone amplifier.

B is the beat-frequency oscilletor with two stages
additional amplification at Ag.

M is the multiplier, and

R a photographic recording device. .

Figure 10 shows the recording device in more detail.
Note that the film drum F and the dial D of the beat-
frequency recorder are mechanically interconnected.
The recorder contains, in addition to the cylindrical

Fictrr 8.—Wirlng diagram of the multiplier

flm drum, a driving motor and the milliammeter
which carries a small mirror. Light from & point
source is reflected by this mirror onto the film drum.
The film drum is thus travelling in step with the beat-
frequency dial. A given point on the record will thus
always correspond to the same frequency.

The original analyzer is shown in Figure 11. This
instrument employed no output transformer after the
multiplier; the recorder was connected in bridge ar-
rangement across the tubes.

In the representative records reproduced in Figures
13 to 20 the ordinates indicate the intensity which is
recorded against the frequency as abscissas. The time

i

i

IR
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used for a complete record was 5 minutes.
eration is entirely automatic.

The op-

APPLICATIONS

Up to this time the frequency analyzer has been used
largely for the recording of engine and propeller noises.
These records will be published in a subsequent report.
To show the variety of problems in which the analyzer
is & convenient and very powerful means of investiga-
tion, a few representative records (figs. 13 to 20, in-

clusive) are included and will be discussed. The !
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illustrate the first step in the evolution of the present

-anslyzer.

In contrast to this first record, Figure 14 shows a
later record of the sound from a telephone receiver
excited by a 60-cycle current. The sound output is
distorted by an intentional overloading of the receiver.
This record illustrates strikingly the great resolving
power of the instrument. The record extends from
0 to. 3,000 cycles per second. The harmonics appear
over_the entire range, and the frequency diserimina-
tion is just as good at 3,000 cycles per second as it is

FI0URE 9.—The complete sound recorder in experimental form

records are presented also for the purpose of indicating
the properties of the analyzer.

The first record obtained with the original analyzer
based on this new principle is shown in Figure 13.
This record was obtained simply by letting the ampli-
fier pick up the magnetic field from a 60-cycle toy
transformer placed at some distance, with the field
acting on the grid circuit of the first tube of the sound
amplifier. It is noted thet all harmonics up to about
the twenty-fifth are recorded. This record and the
disgram of the circuit in Figure 11 are shown only to

near 0. The slight crowding of the scale at the upper
range is due to the fact that the beat-frequency oscil-
lator employed did not have a straight-line frequency
characteristic.

Figure 15 shows the record obtained when the
analyzer is connected to a 60-cycle source of voltage.
Note the large 60-cycle component and the absence of
harmonics,

Figures 16 and 17 show records similar to Figure 14
of the sound from an overloaded telephone receiver
driven by a 80-cycle current. 'This record is taken over
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the lower frequency range to show the response pattern
in more detail.

Figures 18 and 19 show the resolved sound issuing
from a small 6-bladed propeller driven by a motor. The
sound was picked up by & carbon button suspended
close to the tip of the blades. The speed of the motor

Figure 12. The basic frequency is present as expected.
Rather surprising, however, is the fact that the fourth
and the fifth harmonies are predominant, whereas the
sixth is much smaller. By applying Fourier analysis to
the problem it can be shown that the spacing was such
as to favor the fourth and the fifth harmonies.

i
T
.
R
14
ay

'
LR VN

Bl

FIGURE 10.—The photographic recording device mechanically nterconnected with the beat-frequency oscillator

was in the first case 5,400 revolutions per minute and
in the second case 3,000. Note that the fundamental
frequencies appear at 540 and 300 cycles per second,
respectively, corresponding to one impluse for each of
the blades, or to a frequency six times greater than the
number of revolutions per second. Several harmonics
of this frequency are present. It is of pearticular

DISCUSSION REGARDING THE OPERATING CHARAC-
TERISTICS OF THE NEW ANALYZER

The current =/, representing the unknown complex

current supplies a certain energy ZI,'R to the filament

of the multiplier. The known current 4 from the

beat-frequency source contributes the amount #*R.

The operating point on the characteristic curve ob-
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FIGURE 11.~Diagram of the criginal N. A. C. A. sound analyzer

interest to notice that no basic frequency corresponding
to the number of revolutions of the propeller appears
in these records.

By the simple expedient of placing the six blades at
irregular intervals the basic frequency could be made
to appear. The record shown in Figure 20 was ob-
tained from a propeller with the blades spaced as in

tained by plotting plate current against filament cur-
rent (fg. 5) is thus dependent on the total energy level.
The energy from the beat-frequency source drops off
as zero frequency is approached, which would ordi-
narily result in a great decrease of sensitivity.

Tt is for this reason necessary, or at least desirable,
to keep the filament tempersture at approximately

bl
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the same level by means of a direct-current source as
indicated by DC, in Figure 8. The ordinary oper-
ating range employed is shown in Figure 5.

Furthermore, the indication is directly proportional
to the product 4. It is thus quite desirable to employ
auziliavies with straight-line characteristics. Most
amplifiers possess this property between 50 and 5,000
cycles, even though the amplification falls off at very
high and very low frequencies.

F1GURE 12.—8mall 6-bladed propeller with irregular spacing

It is evident that the response intensity of the an-
alyzer depends on the response of the auxiliaries and
that this response can be made constant over the
ordinary voice range. _

'The value of the new instrument depends, however,
on the fact that no harmonic distortion takes place.
The possibility of harmonic distortion is excluded by
the very principles of this instrument. For & study of
the serious difficulties encountered with the ususal

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS

ansalyzers employing modulation the reader is referred

to reference 2, pages 9 to 13. The present instrument—
is in'a true sense a ‘“multiplier.” This term has been

adopted because it properly reminds us of the fact

that the response is proportional to the produet Jyi of

the two currents. The fact that this product may be

written

Asin ot Bsin ft =1 A Beos (a— ) t—3 A Bos (a+) 1,

together with the fact that the hot wire can respond
only to the low frequency (a— 8)¢, where a8, is in itself
sufficient evidence that no harmonic distortion can be
introduced by the hot wire. An experimental verifica-
tion of the freedom from harmonic distortion is further
given by the record (fig. 15) of a 60-cycle current,.

In this connection, we are, of course, not referring
to the distortion already present in the output of the
microphone and the sound amplifier or in the variable
frequency source. Modern equipment is, however,
quite close to perfection in this respect.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NATIONAL ADvisorY COMMITTEE FOR AERONAUTICS,
LaneLeEY FieLp, Va., March 23, 1931,
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Ficures 16 and 17—Sound from a telephone receiver overaxcited by a 80-cycle current, taken over a lower frequency range to show response pattern In mars detall

919

SOILOAVNOYEV ¥04 FTELLIWWOD XJOSIAQY TVNOLLYN JHOdEY




Fraurxs 18 and 19.—8ound from small symmetrical 6-bladed propellar

SISATVYNY ZONUNDIEI INNOY J0 WIJIONIYd MIEN V

gt e et

FIaurk 20,—8ound from small unsymmetrioal 8-bladed propeller







PREFACE

During the last few years there has been a decided
increase in the number of organizations working on the
development of the compression-ignition engine for
aircraft service. The advantages of the compression-
ignition engine are threefold: It operates at a high-
compression ratio, from 11:1 to 16 :1, which results
in a higher cycle efficiency and consequently a Jower
fuel consumption than the carburetor engine with a
compression radio of 5§:1t07:1; radio interference
caused by an electrical ignition system is eliminated
without shielding; the fire. hazard is considerably
lessened, because of the low volatility of the fuel.
There are two disadvantages to the compression-
ignition engine: Because of the high cylinder pres-
sures the parts of the engine are more highly stressed
than in the carburetor engine; the allowable fime for
the injection and its mixture with the air in the com-
bustion chamber is extremely short, so that it is
difficult to obtain a high combustion efficiency.

One of the important problems in the design of a
high-speed compression-ignition engine suitable for
aircraft service is the design of the fuel injection
system. There has been considerable work done both
here and abroad to determine the operating char-
acteristics of several types of systems. TUntil the

latter part of 1929, however, there was little materia
available on the theory of fuel injection systems.
Since then Doctor Sass has published material on the
adaptation of the Allievi theory of water hammer to
fuel injection pumps for compression-ignition engines.
Before the publication of Dgetor Sass’s work, a series of
tests had been made at the Langley Memorial Aeronsu-
tical Laboratory in which the instantaneous discharge
pressures from a fuel injection pump were measured.
With the data obtained in these tests and the theory
presented by Doctor Sass, as well as additions! analy-
ses, it was thought advisable fo write a report incor-
porafing this material for use in the design of injection
systems for high-speed compression-ignition engines.

In presenting this material in such a manner that it
can be used in actual design, the author has attempted
to give the mathematical analyses in such & way that
they will be readily understood. Numerical examples
are presented in considerable detail and emphasis is
laid on the necessity of having all equations satisfied
dimensionally. Although at times it may seem as
though too much detail is ineluded, the author felt
that it was better to present some material that may
seem obvious than to shorten the work so that the
derivations could not be easily followed.

619



